An index which corresponds to charge transfer interaction is presented as a tool to study the correlation of molecular orbital (MO) distributions. The MO distribution correlation (MODIC) index was applied to Diels-Alder reaction systems (1-methoxy-1,3-butadiene-acrolein system and cyclopentadiene-maleic acid anhydride system), and the dihydrofolate reductase (DHFR) system. In the Diels-Alder reaction systems, the positions of reaction centers and orientations of substitutional groups predicted by the index were consistent with experimental findings. In the DHFR system, the reactivities of different ligands were explained by the index.
(Received March 2, 1987) An index which corresponds to charge transfer interaction is presented as a tool to study the correlation of molecular orbital (MO) distributions. The MO distribution correlation (MODIC) index was applied to Diels-Alder reaction systems (1-methoxy-1,3-butadiene-acrolein system and cyclopentadiene-maleic acid anhydride system), and the dihydrofolate reductase (DHFR) system. In the Diels-Alder reaction systems, the positions of reaction centers and orientations of substitutional groups predicted by the index were consistent with experimental findings. In the DHFR system, the reactivities of different ligands were explained by the index.
Frontier electron theory provides some indexes to predict reactivities, based on the molecular orbital coefficients of the isolated molecule in its ground state. The MODIC index has the advantage that it contains information on the three-dimensional distribution of MO's. It can predict the MO's in the transition state of a reaction. Keywords To evaluate the drug-receptor interaction correctly is of great importance when the structure-activity relationship is discussed. The overall interaction can be categorized into electrostatic interaction, exchange repulsion, polarization interaction, dispersion force, charge transfer interaction, hydrophobic interaction and so on. As regards the electrostatic interaction, it has been reported that the distributions of electrostatic potentials of enzyme and ligand show a good complementarity.1 -3) Such distributions can not be expressed precisely by using so-called Mulliken charges4) of molecules. For this reason, we developed a new set of charges to reproduce the results of ab initio molecular orbital (MO) calculation. 5, 6) The exchange repulsion and dispersion force can be estimated by assuming, for example, Lennard-Jones potential function, if the interactomic distances are known. It is very difficult to evaluate the "real" hydrophobic interaction energy, because it includes the problem of entropy. Some practical ways of estimation, however, have been reported :7,8) The afore-mentioned interactions do not include the effect of intermolecular charge transfer. This effect, however, should be taken into consideration when chemical reactions such as enzymatic reactions are discussed. If ab initio MO theory is employed, the charge transfer interaction can be evaluated properly based on appropriate methodology and basis set functions. However, the molecules of interest in biological and pharmaceutical studies are too large in general for the theory to be applicable in practice. In such a situation, an index which corresponds to intermolecular charge transfer interaction is necessary. The molecular orbital distribution correlation (MODIC) index is introduced here and applied to Diels-Alder reaction systems (1-methoxy4,3-butadiene-acrolein system and cyclopentadiene-maleic acid anhydride system), and the dihydrofolate reductase (DHFR) system. In the Diels-Alder reaction systems, the positions of reaction centers and orientations of substitutional groups predicted by the index were consistent with experimental findings. In the DHFR system, dihydrofolate molecules, which are protonated and not protonated at the 5-position, and methotrexate (MTX) were used as ligand molecules. Experimental results on the reactivities of these different ligands were explained reasonably by the index.
Method
The MODIC index was estimated on the van der Waals surface of one molecule in the interacting system in the fashion described below. Ab initio molecular orbital calculations were applied to these models. In the present paper RHF-LCAO-ab initio calculations were performed based on the STO-3G9) or 4-31G10) basis set using the GAUSSIAN GENERAL program.11) The van der Waals molecular surface of one molecule, which is numbered 2, The values of MO's of the two molecules are evaluated at the same point on the molecular surface of the one molecule.
for example, was expressed with many patches. The value of the m-th MO of molecule 2 (guest molecule),Pi2,m, was evaluated at each point i on this "guest"molecular surface (see Fig. 1 ). The value of the n-th MO of molecule 1 (host molecule), Pil,n, was also evaluated at the same point, i, on the guest molecular surface.
The energetically scaled product of Pi1,nand Pi,2m is calculated as the MODIC parameter. The absolute value of the average of the MODIC parameter over the whole or specific region of the surface was calculated as the MODIC index according to the next equations. where e1,n e2 ,mare the energy levels of the n-th and m-th molecular orbitals of molecules 1 and 2, respectively; S. is the patch area which is assigned to each point i. The MODIC index shows the correlation of molecular orbital distributions. The molecular surface was expressed1-3,5-8) as an assembly of spheres having van der Waals radii.12) We took up here energetically closest combinations of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). A modified version of GAUSSIAN GENERAL was used for evaluation of the MODIC indexes.
Firstly, the Diels-Alder reaction systems (1-methoxy-1,3-butadiene-acrolein, and cyclopentadiene-maleic acid anhydride systems) were treated. Each molecular geometry was taken from experimental data.13) For the 1-methoxy-1,3-butadiene-acrolein system, the dependency of the index on geometrical change was tested with reference to the transition state structure of the ethylene-butadiene system.14)
1-methoxy-1,3-butadiene acrolein cyclopentadiene When the orientations of substitutional groups were considered, exponents of Gaussian-type functions were enlarged so as to make each atomic orbital contribution clear in the calculation of the above equation (see Results and Discussion).
As examples of applications to biological systems, the DHFR system was taken up: system A, dihydrofolate (protonated at the 5-position)-reduced nicotinamide adenine dinucleotide phosphate (NADPH); system B, dihydrofolate (non-protonated)-NADPH; system C, MTX-NADPH. Dihydrofolate and methotrexate, which are a substrate and an inhibitor, respectively, were modeled as shown below. The molecule of NADPH was also modeled only by a nicotinamide ring.
The coordinates of MTX and NADPH were taken from an entry in the Protein Data Bank (PDB)15) registered as 3DFR.16) As for dihydrofolates (protonated and not protonated), MNDO calculations17) were applied to optimize their geometries. After that, based on the report by Bolin et their atoms were superimposed to get the best leastsquares fit to corresponding atoms of MTX (Fig. 2 ).
The energy decomposition method18 -25) was employed to analyze intermolecular interactions. Molecular orbital calculations were done at the computer center of the University of Tokyo and at the computer center of the Institute for Molecular Science. The calculations of MODIC indexes were performed at the computer center of the University of Tokyo. In the calculation procedure, only the graphical part was performed with a program, which is a modified version of TERAS. 26) Results and Discussion
1-Methoxy-1,3-butadiene-Acrolein System
The geometries of the 1-methoxy-1,3-butadiene-acrolein system are shown in Fig. 3 . The distance R connecting the centers of reaction sites in both molecules is changed to 2.1, 3.4 and 4.9 A. Distances of 2.1 and 3.4 A correspond to the intermolecular distances of the transition state structure14) and van der Waals contact of the ethylene-1,3-butadiene reaction system, respectively. The angle theta is changed to 0, 76 and 90 degrees. An angle of 76 degrees is obtained from the transition state structure of ethylene-1,3-butadiene.14) Both molecules ( 1 ) ( 2 ) The solid line stands for the geometries of dihydrofolates (protonated at the 6-position and not protonated), while the dashed line represents methotrexate. The geometries of dihydrofolates were optimized by MNDO calculations. The geometry of methotrexate was taken from the protein data bank (registered number 3DFR). The encircled atoms were used for the fitting. (1) and (2) The conformation corresponds to 3.4 A and 76 degrees (MTBE-ACL1 in Table I ). The conformation corresponds to 3.4A and 76 degrees (MTBE-ACL1 in Table I ).
values, which is indicative of the predictability of the reaction center by the index. The value of the index increases a little as the angle becomes larger, because the overlap of the orbitals may increase. A graphical representation of the LUMO of acrolein on the molecular surface of the guest molecule is depicted in Fig. 4 . The molecular surface corresponds to the geometry of the acrolein moiety of Fig. 3 , and it faces 1-methoxy-1,3-butadiene. The coefficient of LCAO approximation is largest at the atom numbered 4, as shown in Table II . Graphically considered, however, the MO distribution is rather larger around atoms 1 and 3. This may be due to the contributions from orbitals of atoms 1 and 3, whose LCAO coefficients are not the largest.
The distribution of the HOMO of 1-methoxy-1,3-butadiene is showh on the same molecular surface of acrolein in Fig. 5 . The largest values are localized at some narrow regions.
The calculated MODIC parameters between the HOMO of 1-methoxy-1,3-butadiene and the LUMO of acrolein are shown in Fig. 6 . It is clear that only the reaction centers have large contributions. This allows us to comprehend the values listed in Table I easily.  Table I also contains the angular dependence at a distance of 4.9 A. The overall tendency is the same as in the case of 3.4 A. The intermolecular distance dependency is also seen from the same table. The value itself changes drastically as the distance changes. The predictability of the reaction center, however, is not affected at all.
The purpose of Table I is to check the dependence of the MODIC upon the intermolecular location. When one actually applies the present method, the locations of molecules must be determined along a well-determined standard, e.g. molecular-mechanically. The geometry with 3.4 A and 76 degrees in Table I may be most stable. The appropriate evaluation of the MODIC is possible if a reasonable geometry is used.
When one performs ab initio calculations, the dependency of the result on the choice of basis set functions should be checked. Here we employed the 4-31G basis set as well as the STO-3G basis set and compared the results (Table III ). In the case of the 4-31G basis set, the values are approximately five times as large as those with STO-3G, but the predictability of the reaction centers by the index is not changed.
Next we concentrated on the predictability of orientation of substituent groups. It is known experimentally that form (2) is more advantageous than form (1) in Fig. 3,27 ) but this fact is not reflected in the MODIC index (see Tables I and III ).
In the transition state of the ethylene-1,3-butadiene system, the geometry of each molecule is deformed from the planar form, and the reaction sites are positioned out of the plane. Considering this, in the 1-methoxy-1,3-butadiene-acrolein system, the reaction centers (four carbon atoms) were deformed inward vertically to the molecular planes by 0.29 A. The result of evaluation of the MODIC index is summarized in Table IV . The index corresponding to form (2) in Fig. 3 is a little larger than that for form (1) in Fig. 3 , in accordance with experiment27) This tendency is the same if the surface of 1-methyl-1,3-butadiene is taken for evaluation (Table IV) .
Frontier electron theory28) makes predictions only from the coefficients of molecular orbitals in the LCAO approximation such as in Table II . For example, the atoms numbered 3 and 4 of acrolein are predicted to become attached to the atoms numbered 2 and 6 of 1-methoxy-1,3-butadiene, respectively. This may indicate that the theory anticipates the transition structure from the initial structure (cf. Fig. 7(a) ). However, in the case of the MODIC index, which takes into account the three-dimensional distribution, i.e. all the coefficients of the LCAO approximation, the transition state structure is not considered appropriately.
Actually the situation is very delicate energetically. Table V shows the charge transfer and the total interaction energies for both orientations in Fig. 3 (3.4 A, 76 degrees, and planar forms are assumed), calculated with the STO-3G and 4-31G basis sets. In the case of the STO-3G basis set, the energies of the total and charge transfer interactions for both orientations are exactly the same. The 4-31G calculation gave only slight differences of 0.2 and 0.1 kcal/mol for total and charge transfer energies, respectively.
In such a situation, we had to devise a way to cope with geometrical and orbital changes in the transition state on the basis of the initial state information. As is seen from a comparison between the results in Fig. 4 and Table II , it is difficult to elucidate each contribution to a molecular orbital from an atomic orbital, only by considering threedimensional molecular orbital distribution. Therefore, some modification of orbital functions was introduced as follows.
In our MO calculations, each atomic orbital is expressed with some Gaussian-type functions such as exp( -A2r2). The ratio of contribution from an atomic orbital, belonging to the same kind of atom b as a, to that from another atomic orbital belonging to atom a, at a certain point on the surface of atom a is (see Fig. 7 
(b))
At this point, Fig. 3 ; ACL2, acrolein from (2) in Fig. 3 ; CT, charge transfer energy; Total, total interaction energy. and hence, Therefore when A becomes large enough, R approaches zero, which means the contribution from atom b is neglibible compared with that from atom a, at the point in question. This device gives rise to the same effect as that seen in Table IV with geometrical deformation (see Fig. 7(a) ). Accordingly, the large scaling factor corresponds to the geometrical change of (1) and (2) in Fig. 3 , respectively (LUMO); Total, including hydrogens. Evaluation was done on the van der Waals surface of acrolein with the 5T0-3G basis set. The plotted data correspond to the values in Table  VI. 
molecules.
The MODIC indexes with larger scaling factor, which corresponds to A in the above equation, are listed in Table VI for the geometries with 3.4 A and 76 degrees (Fig. 3) . The scaling factors were taken to be 1.0, 1.5, 2.0, 2.5, and 3.0. As the scaling factor increases, the value of the MODIC index decreases drastically, but its ratio for the geometry in Fig. 3 (2) against that in Fig. 3 (1) gradually increases in accordance with experiment')
The ratio is plotted against the scaling factor in Fig. 8 . The ratio increases steeply as the scaling factor increases from 1.0 to 2.0, and then it reaches a plateau. Therefore, the value of 2.0 may be a good candidate as a scaling factor, when the transition state is considered.
As discussed above, the MODIC index, with some scaling if needed, can predict the orientations of substitutional groups, as well as the location of reaction centers in the DielsAlder reaction of the 1-methoxy-2,3-butadiene-acrolein system.
In this section we have discussed the system composed of the HOMO of 1-methoxy-1,3-butadiene and the LUMO of acrolein. In order to check the validity of this selection of orbitals, we performed a detailed analysis of charge transfer energy. The charge transfer interaction energies were evaluated for the system in Fig. 3 (1) with the STO-3G basis set (cf. Table VII) .
The total charge transfer energy is -0.3 kcal/mol. To this energy, the charge transfer energy from all occupied orbitals of 1-methoxy-1,3-butadiene to all unoccupied orbitals of acrolein contributes -0.2 kcal/mol, while the reverse charge transfer contributes -0.1 kcal/mol. More detailed numerical analysis on the interaction between individual orbitals29'3°) revealed that the charge transfer from the HOMO of 1-methoxy-1,3-butadiene to the LUMO of acrolein was -0.089 kcal/mol, while that from the HOMO of the latter to the LUMO of the former was practically zero. Beside the frontier orbitals, only the next combinations of orbitals make a contribution: the HOMO of 1-methoxy-1,3-butadiene to the next LUMO of acrolein (-0 0.032 kcal/mol), and the next HOMO of the former to the LUMO of the latter (-0.004 kcal/mol). Considering these energetical analyses, the criterion for selecting the HOMO-LUMO combination stated in the Method section is considered to be valid.
Cyclopentadiene-Maleic Acid Anhydride System
Next, the results for the cyclopentadiene-maleic acid anhydride system will be discussed. Two orientations are considered for each value of theta, 90 or 76 degrees (Fig. 9) . The two planes are parallel and distant by 3.4 A, which corresponds to van der Waals contact. Experimentally, the orientation in Fig. 9 (1) is favorable for the reaction,31 which is predicted correctly by the frontier electron theory. The results are summarized in Table VIII . The left half of the table corresponds to a scaling factor of 1.0. The MODIC index is larger for Fig. 9 (1) than for Fig. 9 (2), in accordance with experiment. 31 The reaction centers are also clear, because the two positions numbered 2 and 3 have the largest values of the index. Furthermore, in this system, the MODIC indexes around the atoms numbered 4 and 5 are not negligible, which is indicative that the secondary effect is large in this system. Similar considerations apply to the case of a scale factor of 2.0 in the right half of Table  VIII . Moreover, the ratio of the total MODIC index (Fig. 9 (1) against Fig. 9 (2) ) increases from 1.24 to 1.50, when the scaling factor is changed from 1.0 to 2.0. The predictability of orientation is improved by changing the scaling factor, as is the case with the 1-methoxy-1,3-butadiene-acrolein system. The above discussion is equally valid for theta of 90 and 76 degrees.
Dihydrofolate Reductase System
As an application to biological systems, we treated the DHFR system. For dihydrofolate, two types are considered: protonated at the 5-position and not protonated. with those for the 1-methoxy-1,3-butadiene-acrolein system (see Table V ), the MODIC index deserves to be discussed. The averaged MODIC parameters for the system are summarized in Table X . According to this table, the protonated dihydrofolate has the largest value at the carbon atom of the 6-position (numbered 6; see Method section). This situation reflects the real enzymatic reaction in which hydride ion attacks at the 6-position, and can be observed graphically in accordance with the experiment. a) The STO-3G basis set was used. a) The STO-3G basis set was used. takes place at the 1-position, whereas the protonation takes place at the 5-position in the case of dihydrofolate. Because of that, the three-dimensional structure may become different due to the interaction with the enzyme, and the next step of the catalysis is prohibited (cf. Table  X ).
In the enzymatic reaction, the effect of surrounding residues is known to be important for the ligand-receptor interaction. 33, 34) This effect may affect the MODIC index. We are now preparing to examine this problem. Furthermore, the distribution may need to be considered in three-dimensional space. However, the treatment on the molecular surface as stated above provides a very useful picture which is quite consistent with chemical considerations.
Conclusion
In the present paper, an index referred to as the MO distribution correlation index, the MODIC index for short, is presented as a tool to obtain a deeper insight into drug-receptor interactions for possible application to drug designing. The index was applied to Diels-Alder reaction systems and the DHFR system.
In Diels-Alder reaction systems, the following results were obtained. 1. Reaction centers are predicted by the MODIC index. 2. The transition state can be assumed simply from the initial molecular structures and molecular orbitals, by enlarging the scaling factor which determines the extents of the distributions of individual atomic orbitals.
3. Orientations of substitutional groups are predictable owing to the effect stated just above.
In the DHFR system, the reactivities of ligands are interpreted rationally. The results may be summarized as follows.
4. The MODIC index is larger for protonated dihydrofolate than for non-protonated dihydrofolate, which is in agreement with another report') 5. Methotrexate has a much smaller MODIC index compared with dihydrofolates, which is consistent with the fact that MTX is a strong inhibitor of DHFR.
Our method reported here represents a well-defined procedure based on the threedimensional distribution of molecular orbitals, and may overcome the arbitrariness of the frontier electron theory, which discusses the reactivity based on the numerical LCAO coefficients.
